Infrared and Raman spectra of mono 13 C fully deuterated acetylene, 13 C 12 CD 2 , have been recorded and analysed to obtain detailed information on the C-D stretching fundamentals and associated combination, overtone, and hot bands. Infrared spectra were recorded at an instrumental resolution ranging between 0.006 and 0.01 cm −1 in the region 1800-7800 cm −1 . Sixty new bands involving the ν 1 and ν 3 C-D stretching modes also associated with the ν 4 and ν 5 bending vibrations have been observed and analysed. In total, 5881 transitions have been assigned in the investigated spectral region. In addition, the Q branch of the ν 1 fundamental was recorded using inverse Raman spectroscopy, with an instrumental resolution of about 0.003 cm −1 . The transitions relative to each stretching mode, i.e., the fundamental band, its first overtone, and associated hot and combination bands involving bending states with υ 4 + υ 5 up to 2 were fitted simultaneously. The usual Hamiltonian appropriate to a linear molecule, including vibration and rotation l-type and the Darling-Dennison interaction between υ 4 = 2 and υ 5 = 2 levels associated with the stretching states, was adopted for the analysis. The standard deviation for each global fit is ≤0.0004 cm −1 , of the same order of magnitude of the measurement precision. Slightly improved parameters for the bending and the ν 2 manifold have been also determined. Precise values of spectroscopic parameters deperturbed from the resonance interactions have been obtained. They provide quantitative information on the anharmonic character of the potential energy surface, which can be useful, in addition to those reported in the literature, for the determination of a general anharmonic force field for the molecule. 
I. INTRODUCTION
Owing to its theoretical, experimental, atmospheric, 1 and astrophysical 2, 3 importance, acetylene and its isotopically substituted species have been the subject of extensive spectroscopic investigations. A comprehensive review on theoretical background and research trends of the high-resolution infrared (IR) spectroscopy of acetylene has been recently published. 4 The determination of the isotopic ratio of various elements in different regions of the universe can provide useful information to understand the evolution of astrophysical media. In spite of the low cosmic abundance of deuterium, single, doubly, and even triply deuterated molecules have been detected in interstellar space. Deuterated acetylenes can provide information on the H/D ratio in various regions of the interstellar medium and in planetary atmospheres. C 2 HD has already been detected in Titan's atmosphere 5 and various perdeuterated molecules have been observed in many different sources (see Ref. 6 and references therein), but no observation of 12 C 2 D 2 has been reported so far. In the event that 12 C 2 D 2 would be identified, the presence of 13 C 12 CD 2 could be searched for to yield information on the 13 C/ 12 C isotopic ratio.
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The knowledge of precise spectroscopic information on the vibrational states up to high energy for all stable isotopologues of acetylene could also stimulate the determination of a mass independent anharmonic force field for the molecule based on experiments. The results of this study could be compared to those obtained from high level ab initio calculations.
In recent years, high resolution IR and Raman spectroscopies have provided accurate characterization of the bending modes with υ tot = υ 4 + υ 5 up to 3 7 and of the ν 2 C≡ ≡C stretching mode 8, 9 for 13 C 12 CD 2 . In addition, the 2ν 1 + 2ν 2 + ν 3 ← GS (Ground State) and ν 1 + ν 2 + 3ν 3 ← GS bands were investigated in the 10 000-12 000 cm −1 region using the Intracavity Laser Absorption Spectroscopy experimental technique. 10 More recently, the ν 1 + ν 2 + ν 3 ← GS and associated hot bands from ν 4 and ν 5 and 2ν 1 + ν 4 + ν 5 ← GS were recorded in the 6130-6800 cm −1 region using a Femto-FT-CEAS (Fourier transform cavity enhanced absorption spectroscopy) apparatus. 11 An early study by Ghersetti et al. 12 reported the spectra of the ν 3 , ν 3 + ν 4 and ν 3 + ν 5 bands at moderate resolution in a 13 C enriched sample of 12 C 2 D 2 . The vibrational assignments are provided in terms of the usual normal modes of vibration in acetylene, namely, the symmetric (ν 1 ) and antisymmetric (ν 3 ) C-D stretchings, the C≡ ≡C stretching (ν 2 ), the degenerate trans (ν 4 ) and cis (ν 5 ) bendings, and the vibrational angular momentum quantum numbers l 4 and l 5 . This will facilitate the comparison of the spectroscopic parameters for the various isotopologues.
The aim of the present investigation is to provide, for the first time, high quality spectroscopic data for the C-D stretching modes of this exotic isotopologue of the most important prototype of a four atom linear molecule, up to high energy. High resolution IR and Raman spectra of the bands involving the ν 1 and ν 3 modes, the first associated overtone, combination, and hot bands with ν 4 and ν 5 bending excitations have been recorded between 1800 and 7800 cm −1 and analysed. All the transitions assigned to a given fundamental, overtones, and stretching-bending combinations were fitted together providing a set of accurately determined parameters. They include the vibration and rotation parameters, the l-type, and the υ 4 = 2/υ 5 = 2 Darling-Dennison (D-D) interaction constants. The last parameter represents the most important anharmonic resonance interaction between rovibrational levels in fully deuterated acetylenes. It can provide the path for the energy flow (intramolecular vibrational redistribution) between independent vibrational degrees of freedom of the molecule, particularly at high energies as illustrated by Jonas et al. 13 for 12 C 2 H 2 . Since its effects on the energy pattern usually scale with increasing vibrational excitation, it is essential to determine its value at the fundamental levels with high accuracy, in order to precisely calculate the effects of the perturbation in the overtone region.
The results of the present investigation complete the characterization of all the vibration modes of the 10 stable isotopologues of acetylene.
The text is structured as follows. The experimental details and the description of the spectra are given on Sections II and III, respectively. The assignments, the theoretical model used in the analysis, and the fit procedures are reported in Sections IV and V. Section VI outlines the results and the conclusions are in Section VII.
II. EXPERIMENT
The sample of the The spectra were recorded between 1800 and 7800 cm −1 using a Bomen DA3.002 Fourier transform (FT) spectrometer in Bologna. In the region 1800-2300 cm −1 , a Globar source, a KBr beam splitter, and a high-sensitivity HgCdTe detector were used. In the 2300-7800 cm −1 interval, the same source and beam splitter were used, whereas the detector was an InSb type equipped with a N 2 (l) cooled filter which restricted the observation down to 2300 cm −1 . Above 4500 cm −1 , a quartz beam splitter was adopted. In both regions, the optical path was set equal to 0. 16 18 , were used to calibrate the spectra. The calibration deserved particular care in order to obtain consistent results from the analysis of bands observed in different spectral regions but reaching the same excited state. The wavenumber precision and accuracy is ca. 4 × 10 −4 cm −1 . A detailed description of the Raman experimental setup and wavenumber calibration can be found in Ref. 8 . In the present case, the laser dyes have been changed to match the desired spectral region: a ∼50% mixture of Rhodamine B and Rhodamine 101 in ethylene glycol has been used for the CW dye laser and an ethanol solution of DCM for the dye amplifier. The sample pressure was 1500 Pa at room temperature. Spectra were recorded six times and averaged in order to increase the signal to noise ratio. The achieved resolution was of 0.009 cm −1 .
III. DESCRIPTION OF THE SPECTRA
The IR spectrum of 13 C 12 CD 2 from 1800 to 7800 cm −1 is complicated by the presence of absorption lines due mainly to the partially deuterated species, H 13 C
12
CD and D 13 C 12 CH, in the sample. The spectrum is dominated by the ν 3 fundamental band of the antisymmetric C-D stretching motion at 2432.08 cm −1 . Because of the absence of a centre of symmetry in the molecule, the ν 1 fundamental of the symmetric C-D stretching is also visible at 2679.27 cm −1 , but with low intensity. A large number of stretching-bending combination bands associated to these transitions could be detected in the IR spectrum. In total, 63 bands were assigned, 59 of which were newly observed.
A. The 1800-2200 cm −1 region
In this region, two weak perpendicular bands, the difference bands of the two C-D stretching vibrations, 
, where n + m = 2 and the two states in parenthesis are identical.
C. The 2600-2800 cm −1 region
This region of the spectrum contains the moderately weak parallel ν 1 ← GS band (Σ + ← Σ + ) at 2679.27 cm −1 , which is weakly allowed due to the lack of the centre of symmetry in the molecule. The Q branch of ν 1 can also be seen in the stimulated Raman spectrum under high resolution, thanks to the high sensitivity of the apparatus, see Fig. 2 . All the hot bands of the kind described above for ν 3 are also present in the region of ν 1 , with the exception of ν 1 + 2ν 4 ← 2ν 4 
Experimental conditions: room temperature, pressure 378 Pa, path length 10 m, and resolution 0.023 cm −1 .
G. The 5900-7800 cm −1 region
Four out of six bands present in this region of the spectrum were already reported in a previous work, 
IV. ASSIGNMENT
All the 60 bands analysed in the present study are collected in Table I , together with the symmetry of the vibrational states involved in the transition, the band centre, the observed range of J ′′ values for the various branches, the number of fitted and assigned lines, and the RMS error resulting from the simultaneous least squares analysis described below. In addition, bands reported in Refs. 10 and 11 are listed in Table I for completeness.
Lower state combination differences (LSCDs) calculated from the parameters reported in Table II , which were obtained as described below, were used to assign the J ′′ values of the transitions and to identify the lower vibrational state. The upper state of each transition was assigned comparing its term value with those reported for the other fully deuterated isotopologues, 12 C 2 D 2 19 and 13 C 2 D 2 . [20] [21] [22] Once the identification of the upper state was achieved, we systematically searched transitions reaching it from different lower states.
The spectroscopic analysis of the assigned bands was accomplished in two steps. First, the transition wavenumbers for each band were fitted separately to effective upper state ro-vibrational parameters, to check the correctness of the assignments, and to extend the data set to higher J transitions. The effective Hamiltonian for a linear molecule, including the l-doubling energy contributions for transitions involving doubly degenerate states, was adopted for the analysis. The ro-vibrational term values are given by
with the − and + signs related to the e and f levels, respectively, and the centre energy
υ is the pure vibrational term value defined in Eq. (3) and k = l 4 + l 5 .
The band centre is defined as
where G 0 υ ′ and G 0 υ ′′ refer to the upper and lower states, respectively.
The term values of the lower state levels were calculated using the parameters listed in Table II (see below) . These were derived from the analysis of the IR data reported in Table 1 of Ref. 7, fitting simultaneously the transitions involving bending states with υ tot up to 2 and the 2ν 4 + ν 5 ( II Π) ← 2ν 4 (∆) band with centre at 527.86 cm −1 . The addition of the last band in the data set provided the missing information on the " f " levels of the 2ν 4 (∆) state up to J ′′ = 36, which was necessary to fit together the transitions of the ν 3 + 2ν 4 (∆) ← 2ν 4 (∆) (at 2420.69 cm −1 ) and of the ν 3 + 2ν 4 (∆) ← ν 4 (Π) (at 2928.44 cm −1 ) bands. The former band was perfectly fitted with the parameters in Table 2 of Ref. 7 , whereas in the second one, all transitions with J ′ ≥ 14 reaching the " f " levels were discarded according to the rejection criterion adopted in the fit (see below). In fact, the refined parameters are suitable for the term values of the ν 3 + 2ν 4 (∆ f ) levels aside from the 2ν 4 (∆ f ) lower state term values, but they result inadequate to reproduce the transitions of the ν 3 + 2ν 4 (∆) ← ν 4 (Π) band. The parameters in Table 3 of Ref. 7 from the analysis of the transitions with υ tot up to 3 were not used to calculate LSCD since all the hot bands analysed in our spectra are from levels with υ tot ≤ 2. Moreover, since no transition to the υ 4 = 3 state was identified, some parameters resulted effective.
The effects of vibrational and rovibrational perturbations were evident in the pattern of the assigned lines for a number of bands. As a consequence, it was necessary to include in Eq. (1) terms of higher order in the rotational angular momentum to achieve an adequate reproduction of the measured transition wavenumbers.
V. ANALYSIS
Once the assignment procedure was completed, all the transition wavenumbers relative to a specific stretching mode, i.e., the fundamental band, its overtone, and the hot and combination bands involving bending modes, were fitted together. In this way, three sets of spectroscopic parameters, one for each stretching mode, were obtained from independent fits.
The data were fitted to the following expressions where the vibrational and rotational diagonal contributions are G 0 (v, l) and F(v, l, J), respectively: 
.0457 P e-e (2-49); R e-e (1-52); Q e-f (1-
27 231/241
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Vibrational and rotational l-type resonance contributions for the bending levels are expressed by off-diagonal matrix elements, see 
and
Moreover, the r, q, and ρ parameters for the energy levels involving simultaneously one stretching υ s (s = 1, 2, 3) and bending modes are given by the expressions
with M = J(J + 1) and t, t ′ = 4 or 5. Finally, because the separation between ν 4 and ν 5 bending modes is merely 32 cm −1 , vibrational coupling of D-D type occurs between levels of identical symmetry, such as υ 4 = 2 (Σ + and ∆) and υ 5 = 2 (Σ + and ∆), associated with each stretching mode. This interaction, which has been treated in detail for the pure bending states, 7 has been taken into account in the global fitting procedures of both the pure bending levels and of the stretching-bending ones. The off-diagonal matrix elements (see Table I of Ref. 23 , where s s45 ≡ K s44, s55 ) contain the parameters in the following equation:
where the subscript s = 1, 2, 3 refers to one of the stretching modes, for Σ + interacting states. For interacting ∆ states, the parameters are g 45 , r 45 , or r s45 , as defined in Eqs. (3), (5) , and (9). The complete block-diagonalized matrices illustrating the l-type and the D-D interactions between the bending levels in the various vibrational manifolds are reported in Table II of Ref. 23 .
The stretching-stretching combination bands involving
, with associated hot and combination bands, were fitted separately. All the vibration and rotation parameters related to the υ s = 1 (s = 1, 2, 3) states in Eqs. (3) and (4), i.e., ω 0 s , x 0 ss , α s , β s , etc., were constrained to the values obtained from the analysis of the corresponding stretching band system.
In the simultaneous fits, the ground state and the pure bending state parameters were held fixed to the values reported in Table II . Identical unitary weights were assigned to all transitions with the exclusion of the overlapping lines, which were given zero weight. Finally, transition wavenumbers that differed from the corresponding calculated values by more than 0.001 cm −1 (∼2.5 times their estimated uncertainties) were excluded from the last cycle of the least-squares procedure.
The structure of the dataset conditioned the choice of the refined parameters in each simultaneous fit. An identical strategy was adopted: first, the bands with υ s = 1, 2, and 3 (s = 1, 2, 3) as upper states were fitted. The transitions to the corresponding associated bending states were successively added in blocks, starting with those involving υ 4 = 1 and υ 5 = 1, then including the manifold υ 4 = υ 5 = 1 (Σ + , Σ − , ∆) and, finally, the υ 4 = 2 and υ 5 = 2, Σ + and ∆ states, coupled by the D-D interaction. The enlargement of the dataset required the refinement of the appropriate higher order parameters, which were chosen according to the following constraints: they must correspond to lower-order constants previously refined, be statistically determined, and improve the quality of the fit. After each fit, the statistical significance of the obtained parameters was checked as well as their correlation coefficients. The results of the simultaneous analysis were compared to those achieved in the single band fits to support the adequacy of the adopted Hamiltonian model.
VI. RESULTS AND DISCUSSION
The RMS values of the residuals for the fitted lines in the σ column of Table I attest to the good quality of the fit. With the exception of the value for the 3ν 3 ← GS band, these are all better than 0.0005 cm −1 . Precise values for the band centres, whose uncertainties are usually of the order of a few units in 10 −4 cm −1 , are also reported in Table I . Most of the parameters for the bending states listed in Table II are in good agreement with the corresponding ones in Table 2 of Ref. 7 . As expected, the value of the γ 44 constant, which is responsible for the "e," " f " splittings of the 2ν 4 (∆) levels, exhibits the largest difference (∼31%). Differences between 1% and 6% are also observed for the parameters related to the υ 4 and υ 5 modes, γ 45 , q 45 , q Tables III-VII. To favour the comparison between corresponding parameters, they are reported in the same units in all the tables.
The parameters of the model present in Eqs. (3), (4), (9)- (12), which are not reported in Tables III-VII, nevertheless refined in the fitting procedure, but they resulted statistically undetermined and were constrained to zero. In total, 5314 out of 6229 transitions assigned to ν 1 , ν 2 , and ν 3 stretching-bending system were retained in the final fits, 915 of them (about 15%) were discarded because they were overlapping (689) or their observed-calculated values exceed the chosen tolerance (226). Twenty nine parameters for ν 1 , 35 for ν 2 , and 36 for ν 3 were determined with high precision. They include, in addition to the l-type constants, the D-D interaction coefficients. The K could not be refined owing to the lack of information on the ν 1 + 2ν 4 levels interacting with those of ν 1 + 2ν 5 , which were observed both from ν 5 and 2ν 5 (see Table I ). The standard deviation of each fit is smaller than 0.0005 cm −1 of the same order of magnitude of the estimated uncertainty of the experimental measurements.
The transitions relative to the C≡≡C stretching (ν 2 ) and associated bendings listed in newly fitted, using the parameters in Table II to calculate the term values of the lower levels. This was needed in order to obtain a consistent set of parameters for all the stretching modes. A comparison of the results in Table IV with those  in Table 2 of Ref. 8 evidences that the quality of the fits (number of fitted transitions and standard deviation of the fit) is nearly identical. Lower correlations between the parameters were observed refining y 44 2 and constraining y 255 to zero. As a consequence, most of the parameters have close values in both sets but large differences are observed between some higher order constants, i.e., 50% for y 245 , 67% for y well with the corresponding ones in the bending states (see Table II ), differences being between 0.1% and 11%. As far as the stretching-stretching combination bands are concerned, all the vibration and rotation constants of each stretching mode present in the combination states were constrained to the values listed in Tables III-V. In the case of ν 1 + ν 2 , only 4 effective parameters were determined, see Table VII , because only one band, i.e., ν 1 + ν 2 + ν 4 + ν 5 (Σ + ) ← GS, was observed, whereas for both ν 1 + ν 3 and ν 2 + ν 3 , 14 parameters were refined. No transition involving υ tot = 2 accompanying ν 1 + ν 3 was identified, whereas for ν 2 + ν 3 , only the ν 2 + ν 3 + 2ν 4 (Σ + ) ← GS band was observed, so the K 
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The leading vibration, rotation, and interaction constants are collected in Table VIII show the expected trend associated with the increased molecular masses due to the isotopic substitution.
The centre term values, G The term values of the ν 1 + 2ν 4 (Σ + and ∆) states, which were not observed experimentally, were calculated using the scaled value of the K 0 144,155 constant in Table III . Besides the D-D interactions, no other perturbation has been observed in all the analysed bands, with the exception of the Q branch of 2ν 1 + ν 5 ← GS, whose transitions show increasing discrepancies between observed and calculated wavenumbers for the " f " levels with J ≥ 24. This perturbation cannot be ascribed to the 11/33 D-D interaction since the 2ν 3 + ν 5 ← GS band is not perturbed and the interaction is also not effective between the υ 1 = 2 and υ 3 = 2 states, which are about 500 cm −1 apart.
VII. CONCLUSIONS
The IR spectrum of 13 C 12 CD 2 has been recorded at highresolution by FTIR spectroscopy from 1800 to 7800 cm −1 . The band systems involving the ν 1 and ν 3 stretching excitation and associated ν 4 and ν 5 bending modes have been investigated. In addition, the Q-branch of the ν 1 fundamental was recorded at high resolution using inverse Raman spectroscopy.
In total, 60 cold and hot bands including fundamentals, overtones, stretching-bending, and stretching-stretching combination bands were rotationally analysed. A total of 5881 IR and 35 Raman transitions have been assigned. All transitions involving a given stretching mode were fitted simultaneously to characterize the states with υ s = 1(s = 1, 2, 3), υ s = 2 (s = 1, 2, 3), υ s = 3 (s = 3), and υ s = υ s ′ = 1. A set of accurate deperturbed vibration and rotation parameters, including l-type, and D-D interaction constants between υ 4 = 2 and υ 5 = 2 levels, has been determined for each stretching mode. Improved sets of parameters for the bending manifolds with υ tot ≤ 2 and for the ν 2 band system have also been obtained using the transitions reported recently. 7, 8 The results of the present investigation complete the characterization of all the vibration modes for the 10 stable isotopologues of acetylene. They provide useful information for the determination of an anharmonic force field and the structure 25 for the molecule based on high precision data for acetylene and its 13 C and deuterium substituted isotopologues. In addition, the values of the quartic anharmonic resonance constants can be useful to understand the dynamics of the vibrational energy redistribution and foster further studies on the fully deuterated isotopologues of the molecule.
Tables with the full list of transition wavenumbers, quantum numbers, residuals obtained with the parameters in Tables II-VII, and term values of the levels involved in the transitions, are deposited as supplementary material 26 and are also available from the authors.
